Historical analysis and visualization of the retreat of Findelengletscher, Switzerland, 1859–2010 by Rastner, P. et al.
Global and Planetary Change 145 (2016) 67–77
Contents lists available at ScienceDirect
Global and Planetary Change
j ourna l homepage: www.e lsev ie r .com/ locate /g lop lachaInvited research articleHistorical analysis and visualization of the retreat of Findelengletscher,
Switzerland, 1859–2010P. Rastner a,⁎, P.C. Joerg a, M. Huss b,c, M. Zemp a
a Department of Geography, University of Zurich, Switzerland
b Department of Geosciences, University of Fribourg, Switzerland
c Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Zurich, Switzerland⁎ Corresponding author.
E-mail address: philipp.rastner@geo.uzh.ch (P. Rastne
http://dx.doi.org/10.1016/j.gloplacha.2016.07.005
0921-8181/© 2016 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 25 February 2016
Received in revised form 6 July 2016
Accepted 15 July 2016
Available online 28 July 2016Since the end of the Little Ice Age around 1850, glaciers in Europe have strongly retreated. Thanks to early topo-
graphic surveys in Switzerland, accurate maps are available, which enable us to trace glacier changes back in
time. The earliest map for all of Switzerland that is usable for a detailed analysis is the Dufour map from around
1850with subsequent topographic maps on a ~20 year interval. Despite the large public and scientiﬁc interest in
glacier changes through time, this historic dataset has not yet been fully utilized for topographic change assess-
ment or visualization of historic glacier extents. In this study, we use eleven historical topographic maps and
more recent digital datasets for the region of Zermatt to analyze geometric changes (length, area and volume)
of Findelengletscher aswell as for creating animations of glacier evolution through time for use in public commu-
nication. All maps were georeferenced, the contour lines digitized, and digital elevation models (DEMs) created
and co-registered. Additional digital data like the SRTM X-band DEM and high resolution laser scanning data
were used to extend the analysis until 2010. Moreover, one independent DEM from aerial photogrammetry
was used for comparison. During the period 1859–2010, Findelengletscher lost 3.5 km of its length (6.9 km in
2010), 4.42 ± 0.13 km2 of its area (15.05 ± 0.45 km2 in 2010) and 1.32 ± 0.52 km3 of its volume. The average
rate of thickness loss is 0.45 ± 0.042 m yr−1 for the 151 years period. Four periods with high thickness change
from−0.56 m ± 0.28 yr−1 (1859–1881),−0.40 ± 0.08 m yr−1 (1937–1965),−0.90 ± 0.31 m yr−1 (1995–
2000) and −1.18 ± 0.02 m yr−1 (2000–2005) have been identiﬁed. Small positive thickness changes were
found for the periods 1890–1909 (+0.09± 0.46m yr−1) and 1988–1995 (+0.05± 0.24m yr−1). During its re-
treat with intermittent periods of advance, the glacier separated into three parts. The above changes are demon-
strated through an animation (available from the supplementarymaterial), which has been created to inform the
general public.
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Public communication of science1. Introduction
Glaciers are sensitive indicators for climatic variations. Understand-
ing the evolution and spatial variability of glaciers may thus contribute
to better knowledge of impacts, trends and rates of ongoing climate
change. Rates and ranges of such ﬂuctuations in the past can be, for ex-
ample, retrieved from topographic maps and thus contribute to our un-
derstanding of the glacier-climate linkage (Bauder et al., 2007;
Finsterwalder and Rentsch, 1980; Fischer, 2011; Hoinkes, 1970; Huss
et al., 2010). The ﬁrst geometrically accurate topographic map of Swit-
zerland, the Dufourkarte (in the following referred as Dufour map),
was published between 1844 and 1864 (Graf, 1896; Wolf, 1879) and
provides an important baseline dataset obtained close to the Little Ice
Age (LIA) maximum extent of glaciers in the Alps. Since then, maps inr).Switzerland have been continuously improved and updated in a ~10–
20 year interval. Nowadays, this historical data offers a unique pool of
information, which can be used to assess landscape evolution from
both a qualitative and quantitative point of view. In the particular case
of a glacier, historical maps allow retrieving, besides the former length
and area (Haggren et al., 2007; Maisch et al., 2000), also its former sur-
face topography, when elevation contour lines are provided. In the re-
cent past, several studies have utilized historic topographic maps for
the calculation of glacier elevation and volume changes (Bauder et al.,
2007; Junfeng et al., 2015; Surazakov and Aizen, 2006; Xu et al.,
2013). Most of these studies, however, have ﬁrst of all not used a com-
plete series of topographic maps covering a 150-year period in high
temporal resolution and secondly not visualized the glacier changes
for a wider public. Given that the information in these maps is digitally
available, it is thus possible to assess glacier changes quantitatively and
qualitatively to create dynamic 3-D visualizationswith current comput-
er hard and software (Wang et al., 2006).
68 P. Rastner et al. / Global and Planetary Change 145 (2016) 67–77The aims of this study are to (1) utilize historic topographicmaps for
the calculation of glacier changes in length, area and volume, (2) the as-
sessment of related uncertainties, and (3) visualization of the changes
over time using 3D computer animation to (a) bridge temporal gaps be-
tween themap sheets and (b) provide a visually attractive rendering of
the changes for enhanced public communication.
2. Study region
Findelengletscher is a large temperate valley glacier located in the
Swiss Alps (46° 00′ N, 7° 52′ E) in the Canton Valais, close to the village
of Zermatt and at the border to Italy (Fig. 1). The glacier had an area of
13.0 km2 and a length of 6.7 km in 2010 (Joerg et al., 2012). It is exposed
to the Northwest and covers an elevation range from 2600 m a.s.l. up to
3900 m a.s.l. Most of the precipitation on Findelengletscher is advected
from South and Southeast (Sold et al., 2013). The current equilibrium
line altitude is at between 3200 and 3300 m a.s.l. and thus one of the
highest in the Alps (Huss et al., 2014; Maisch et al., 2000). Since its LIA
maximum extent around 1850, the glacier retreated and separated
in 1990 from its former tributary Adlergletscher. Length change
or front variation measurements started in 1885 (Glaciological reports
(1881–2016), 2016), whereas direct glaciological mass balance
measurements were initiated in 2004 (Machguth, 2008; Sold et al.,
2016).
3. Data
3.1. Topographic maps
All topographic maps were ordered from the Swiss Federal Ofﬁce of
Topography (Swisstopo) in digital format. The six oldest ones, however,
were without projection information. Due to the large variability in the
applied map updates, the selection of appropriate maps was crucial forFig. 1. Orthoimage of Findelen- and Adlergletscher from 2005 including historical othe currentwork.We decided to use onlymaps,which resolve observed
periods of glacier advance or recession (extent, contour lines). A chal-
lenge in this regard was the exact dating of the maps as acquisition
and publication years differ. The acquisition year was determined
from themap itself ifmentioned, or it was retrieved from theAlexandria
Catalogue (http://www.alexandria.ch), a portal that hosts historical
Swiss documents, if available. In total, eleven different releases of histor-
ical maps dating back to the earliest map available for the Zermatt re-
gion were collected to derive length, area and volume changes of
Findelengletscher (Table 1). The ﬁrst historical document used was
the Dufour map (map sheet 23, Section 5 and number 495), featuring
a complete and accurate representation of the complex topography of
Switzerland and already at its time regarded as amasterpiece of cartog-
raphy. The geodetic reference system of the Dufourmapswere geodetic
triangulation points (ﬁrst-order reference points) established through a
network of surveyed triangles over the whole of Switzerland. Starting
with these reference points with known coordinates and elevations,
the surveyorswere able to performdetailed topographicmeasurements
using plane tables according to instructions from General Dufour (Graf,
1896). An analysis from Rickenbacher (2009) on an excerpt of the
Dufourmap revealed an average horizontal deviation of 153m in natura
of 2560 points in the map.
To determine the elevation above sea level, a point of origin for ele-
vation measurements was deﬁned in the harbour of Geneva (Pierre du
Niton; 376.2 m above sea level = ‘old horizon’) and levelled to the ref-
erence points and other topographically important features (e.g. sum-
mits, lake levels etc.). The reference system of the Dufour map is
CH1840 with equivalent conical projection. The Dufour map could
only be used for determining glacier area and length as no contour
lines are depicted. However, contour lines (30mequidistance)were de-
rived from the corresponding plane-table sheet (Messtischblatt) from
1859 recorded by the cartographer Betémps (Holzhauser, 2010;
Steiner et al., 2008). We further selected ﬁve maps from the Siegfriedutlines and the area (stable terrain) used for the co-registration of the DEMs.
Table 1
Dataset overview and their properties for the calculation of changes in length, area and volume of Findelengletscher. Note the 1982 independent DEMwas only used for data comparisons.
The last column shows the data voids for map derived DEMs in percent.
Acquisition year Publication year Map name/dataset Contour lines
aequidistances
Scale Contour lines & glacier
outlines ablation area
Contour lines
accumulation area
Data voids in %
1859 1862 Plane table sheet 30 1:50,000 New New 33
No info 1881 Siegfried map 30 1:50,000 Updated Updated 24
No reference 1890 Siegfried map 30 1:50,000 Identical Identical 26
No reference 1909 Siegfried map 30 1:50,000 Updated Identical 24
1924 1926 Siegfried map 30 1:50,000 Identical Identical 24
1933 1935 Siegfried map 30 1:50,000 Identical Identical 26
1937 1941 Old national map 20 1:50,000 Updated Updated 8
1965 1966 National map 20 1:25,000 Updated Updated 8
1977 1980 National map 20 1:25,000 Updated Identical 4
1988 1993 National map 20 1:25,000 Updated Identical 9
1995 1998 National map 20 1:25,000 Updated Identical 4
2000 2000 SRTM X-band DEM 25 m res. – New New –
28/29 oct. 2005 2005 Laserscan DEM 1 m res. – New New –
29 sep. 2010 2010 Laserscan DEM 1 m res. – New New
1982 ind. DEM 1982 Aerial photogrammetry 25 m res. – New New –
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evation contours and the same geodetical properties as the Dufourmap
(Oberli, 1968). In the late 1930s, theDufour and Siegfriedmapswere su-
perseded by the newly developednationalmaps.With this newmap se-
ries, the reference system changed to CH1903 with conformal oblique
cylinder projection.Moreover, the point of origin for elevationmeasure-
ments changed to 373.6 a.s.l. (i.e. the ‘newhorizon’) and contour lines of
20 m were introduced. In the 1960s, land surveys by airborne photo-
grammetry were initiated, which allowed the production of topograph-
ic maps (national maps) at a 1:25,000 scale (1965, 1977, 1988, and
1995). Improvements in surveying and photogrammetric methods
have thus resulted in an increasing accuracy over time.
Contour lines, however, especially in the accumulation region of a
glacier, were not updated as frequently as the contour lines and the ex-
tent at the glacier tongue. After the initial plane-table sheet, updated
contour lines and new glacier front position were available for the ﬁrst
time on the map of 1881 for the entire glacier. The map from 1890
shows no changes of the contour lines compared to 1881. In 1909, the
front position was updated with only slight changes of the contours
on the tongue, whereas for 1924 and 1933 they remained the same,
likewise, the glacier geometry. With the introduction of the national
map in 1937, glacier front position and contour lines were updated on
the whole of the glacier. The same is applicable for the national map
of 1965, however, in 1977, 1988, and 1995, only the glacier front posi-
tion and new contour lines in the ablation area of the glacier were
drawn (Table 1).
3.2. Digital elevation models
For the year 2000, we used the Shuttle Radar Topography Mission
(SRTM) digital elevation model (DEM) (Jarvis et al., 2008). The SRTM
DEM is widely used in glacier change assessments (Paul and Haeberli,
2008; Schiefer et al., 2007; Surazakov and Aizen, 2006) and it thus pro-
vided a good opportunity to assess its potential for glacier thickness
change assessments. The SRTMDEMwas acquired by radar interferom-
etry (InSAR) during 10 days in February 2000, when a Space Shuttle
mapped the Earth's surface between 60°N and 56°S with C- and X-
band radar. It has been suggested that SRTM derived DEMs underesti-
mate glacier elevation, due to considerable penetration of the radar
waves into the winter snowpack (Gardelle et al., 2013). However, the
penetration depth of the here used X-band wavelength is not expected
to be as pronounced as in SRTM C-band (Dehecq et al., 2016; Rignot et
al., 2001) which is an advantage for the volume change calculations.
Moreover, the relative vertical accuracy is lower for the SRTM C-band
(10 m) than for the SRTM X-band (6 m) (Hoffmann and Walter,
2006). We therefore decided to use the SRTM X-band DEM, which
was available void free for the region of Zermatt and downloaded itfrom the German Aerospace Center earth observation on the web
(EOWEB) platform (Farr et al., 2007). It is worthwhile to mention that
both SRTMproducts refer to different vertical datums. The C-bandprod-
uct refers to the EGM96 (Earth GravitationalModel 1996) geoid,where-
as the X-band product refers to the WGS84 (World Geodetic System
1984) ellipsoidal vertical datum (Hoffmann and Walter, 2006). As ele-
vations in Swiss maps refer to the geoid, the geoid undulation to the
X-band SRTMellipsoid elevations had to be taken into account. The hor-
izontal variability in the geoid undulation remains below a few centime-
ters per kilometer in the region of Findelengletscher. Hence, we decided
to keep the original ellipsoid elevations to be globally corrected by the
co-registration pre-processing step explained in Section 4.1.3. For
2005 and 2010, we used two high resolution airborne laser-scanning
DEMs with identiﬁed high accuracies collected in the framework of
the Glacier Laserscanning Experiment Oberwallis (GLAXPO) project
(Joerg et al., 2012). These laser-scanning campaigns were performed
with the Optech ALTM 3100 system and resulted in DEMs of 1m spatial
resolution (Joerg et al., 2012). In addition, one DEM created by aerial
photogrammetry for 1982 with a spatial resolution of 25 m was avail-
able from Bauder et al. (2007) which was used for comparison with
the results of this study (Table 1).3.3. Imagery
Two images served as base dataset for the visualization (Table 1).
The ﬁrst one was an aerial image with 0.5 m resolution collected in
theGLAXPO project (Joerg et al., 2012). The second imagewas a Landsat
7 ETM+ level 1T (path: 195, row: 028) satellite scene acquired on
12.08.2000with 30m resolution (downloaded from the USGS Earth Ex-
plorer http://earthexplorer.usgs.gov/).4. Methods
Themethods can be divided into four parts. First, the raw data input
preparation, second, the uncertainty assessment, third, the data prepa-
ration for the computer animation, and ﬁnally the rendering and
movie editing (c.f. Fig. 2). All data pre-processing and main processing
were performed in the ENVI 4.7 remote sensing and IDL programming
software (Exelis Visual Information Solution, USA). Esri ArcGIS 10.2
and Microsoft Excel were used for the co-registration and Adobe
Photoshop for the DEM void ﬁlling and artefact removal. The DEM
morphing was done in Abrosoft Fanta Morph and the rendering of the
computer animation in Visual Nature Studio 3 (VNS; 3D Nature LLC). Fi-
nally, allmovie componentswerematched together in the video editing
program Adobe Premiere.
Fig. 2. Processing ﬂow chart.
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4.1.1. Georeferencing
The ﬁrst step was to georeference the plane-table sheet and all Sieg-
friedmaps in a common reference system. The georeferencingwas chal-
lenging for the plane table sheet as ground control points (GCPs) had to
be identiﬁed. This was often hampered as few reference points on the
ground remained the same andwere visible during the 150-year period.
For the Siegfried maps, as the then-established map grids remained the
same through the years, tie points could be used instead. This work step
resulted in ﬁve georeferencedmaps in UTM 32WGS 84map projection,
which was used as standard projection throughout this work.
The highest root-mean-square (RMS) error occurred during the
georeferencing of the plane table sheet (~4 m), whereas for the Sieg-
fried maps it was only around ~1 m (Table 2).
4.1.2. Digitization of contour lines and glacier outlines
In this study, we decided to digitize contour lines above the glacier
surface and surrounding terrain (hereafter called stable terrain) instead
of only using contour points. The usage of contour points would lead to
an underestimate of the glacier surface, as they tend to be more numer-
ous towards the edges of the glacier (due to the curvature of the con-
tour) and less in the centre (Nuth et al., 2007). Contour lines were
manually digitized on a scale of about 1:10,000 and designated with
the respective elevation value of the map in the attribute table of theTable 2
Total root mean square (RMS) error and number of ground control points (GCP)/TIE
points used for the georeferencing of six historical maps.
Years Map name/dataset Total RMS error Nr. of GCP/TIE points
1859 Plane-table sheet 4.08 10
1881 Siegfried map 1.28 35
1890 Siegfried map 0.87 40
1909 Siegfried map 0.89 69
1924 Siegfried map 1.31 69
1933 Siegfried map 1.39 69shapeﬁle. This work step was laborious in steep terrain, when elevation
contour lines are close to each other. Finally, DEMs were created from
the contour lines using the “topo to raster” interpolation function in
ArcGIS 10 with a resolution of 25 m. Because the origin of elevation
has changed from the old horizon to the new horizon, the z-values of
the historical DEMs (1859–1933) have been corrected by – 3 m to
obtain a comparable dataset (Gubler, 2011; Kobold, 1983). Historical
glacier outlines were manually digitized based on the original
georeferenced map datasets. For the year 2000, a Landsat satellite
image was used to derive the glacier outline.4.1.3. Co-registration of DEMs
To increase the accuracy in x, y and z direction, all DEMs were co-
registered according to the method of Nuth and Kääb (2011). This
step was facilitated by the availability of the high-resolution laser-scan-
ning DEM from 2005 (in the following referred as reference DEM)
representing the glacier surface and the surrounding terrain. A potential
systematic horizontal shift and/or vertical offset between any historical
DEMand the referenceDEMwasdetermined by dividing thedifferences
in the raster cell elevation by the tangent of the local slope and a plot
against the local aspect for a deﬁned area of stable terrain close to the
glacier. The stable terrain has an area of 2.9 km2, an elevation range of
680 m, a mean slope of 23° and a predominantly north facing aspect
direction in our case (Fig. 1, black outlines). A cosine function was
ﬁtted by a least-squares curve ﬁt to derive the parameters magnitude
m and direction of the horizontal shift d, as well as a mean vertical
bias ðdh terrain ) (Nuth and Kääb, 2011). Subsequently, all historical
DEMs and the independent DEM from 1982 were iteratively shifted
and the co-registration was re-assessed. For the 1859 and 2000 DEMs,
two iterations, and for all other DEMs only one iteration was necessary
to achieve sub-pixel accuracy. No co-registration was necessary for the
laser-scanning DEMs from 2005 and 2010 as their localisation accuracy
was already high (Joerg et al., 2012) (Table 3). After the co-registration,
also the glacier outlines were shifted according to the co-registration
shift vectors.
Table 3
Co-registration details for eachDEM relative to the 2005DEM.Δx, y and z are the shift vectors, the standarddeviation (STDEV) & themean (median)dh,terrainΔzon stable terrain before and
after the co-registration.
Δx Δy Δc STDEV (before) STDEV (after) dh terrain before [m] dh terrain after [m]
1859 47.8 −50.8 −41.4 32.5 25.4 45.06 (43.4) −5.59 (−3.5)
1859⁎ 19.7 5.4 9 25.4 24.6 −5.59 (−3.5) 0.8 (2.8)
1881 29.7 8.6 1 34.7 34.2 1.44 (3.7) 0.06 (2.8)
1890 38 11.9 0.4 35.3 34.2 3.08 (6.2) 1.13 (4.7)
1909 30.9 −3.1 2.8 35.5 35 1.91 (1.7) 1.64 (1.5)
1924 30.3 22.4 1 35.3 35 1.95 (2.1) 1.8 (1.5)
1933 38.1 11.8 −0.4 34.3 33.4 3.08 (6.7) 0.29 (3.8)
1937 −4.8 −34 −0.9 15.2 11.4 3.69 (7.6) 0.21 (−1.1)
1965 −7.2 −18.2 −1.9 8.72 7.49 3.01 (3.6) 1.08 (0.4)
1977 −6.9 −18 −2.1 8.77 7.7 3.15 (3.6) 1.06 (0.4)
1988 −7 −17.9 −2.1 8.7 7.71 3.13 (3.6) 1.05 (0.4)
1995 −7.6 −20.8 −1.7 9.73 6.97 2.98 (4) 1.27 (0.9)
2000 40.6 −51.1 −61.1 19.54 11.14 58.65 (60.6) −13.12 (−12.6)
2000⁎ −27.7 6.9 6.7 11.14 8.53 −13.12 (−12.6) −2.35 (−2.3)
1982+ 0.9 −18.9 0 9.3 5.6 −0.7 (−0.2) 0.14 (0.04)
⁎ 2nd iteration.
+ independent DEM.
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The length of Findelengletscherwas derived bymanually digitizing a
central ﬂowline connecting the highest and lowest point with a maxi-
mum distance to the glacier margins and respecting downhill ﬂow
(Machguth and Huss, 2014). Changes in area were assessed with the
aid of a shapeﬁle polygon feature of the respective year in a GIS system.
Changes in volumewere calculated fromDEMdifferencing. In particular
for DEM differences earlier than 1937, regions were detected (regions
which are not well visible from the valley ﬂoor), that implied that the
historical glacier surface was lower than the 2005 glacier surface (com-
pare also Figs. 4 & 5). Due to strong glacier retreat andmass loss over the
20th century, this is assumed to be erroneous and thus a data void (cf.
Table 1).We developed therefore, a method to assess the historical vol-
ume changes by accounting for areas that are thought to be surveyed
wrong, in particular, in the accumulation region of the glacier. We
rely, therefore, on a hypsometric interpolation by excluding all data
voids, and using a mean thickness change value from the same hypso-
metric altitude of one time stamp toﬁll data voids. To do so, we (1) clas-
siﬁed the glacier in 100 m elevation intervals (Fig. 3). In a second step,
we calculated a difference grid of each historical DEM to the reference
grid of 2005. In a further step, we determined average elevation change
over the part of each 100m elevation interval that indicates surface low-
ering over time, and, hence, a realistic ice surface evolution. For elevation
intervalswith data voids (Fig. 3, 4a),we retrieved the area related to dataFig. 3. A schematic illustration of how historical volume changes have been calculated. Realistic
data voids.voids (4b) and multiplied this area by the average elevation change (4c,
4d) as retrieved in step (4a). Summing all volume changes per elevation
band then leads to the overall volume change. This workﬂow was per-
formed for each elevation interval with data voids, and for each co-regis-
tered DEMs derived from historical topographic maps.
4.2. Uncertainty assessment
The uncertainty of glacier outlines is difﬁcult to assess as appropriate
reference data is often missing. For a debris-free glacier like
Findelengletscher the precision of the outlines in former studies were
found to be about 30 m studies (one Landsat pixel) (Bolch et al., 2010;
Paul et al., 2013; Rastner et al., 2012).We thus determined the precision
by applying±15mbuffer around Findelengletscher. Adding this uncer-
tainty gives a ±3% larger total area, which is in the following used as a
measure of uncertainty for the glacier area. The same precision
(±15 m) was assumed to describe the length uncertainty (due to
scale independency the uncertainty for length is not explicitly men-
tioned in the following).
Themean elevation difference over stable terrain ðdh terrain) between
two elevation data sets can be considered as the systematic uncertainty
for the glacier's average thickness and volume changes. We there-
fore deﬁned an area which is ice-free (stable) throughout the
151 years (see Fig. 1). The systematic uncertainty is then calculatedthickness values (grey) and data voids are shown inwhite color, which are assumed to be
Table 4
Glacier length and area as well as volume and elevation changes in relation to the reference DEM from 2005.
Year Length [km] Area +/- [sigma] [km2] Δv (rel. 2005) +/- [sigma] [km3] Δv per year (rel. 2005) +/- [sigma]
[10−3 km3 yr−1]
[Δ]h (rel. 2005) +/- sigma [m]
1859 10.43 19.47 ± 0.58 −1.29 ± 0.47 −8 −65.6 ± 6.25
1881 9.98 18.44 ± 0.55 −0.85 ± 0.63 −6 −52.3 ± 8.83
1890 9.96 18.41 ± 0.55 −0.82 ± 0.62 −7 −50.4 ± 8.90
1909 9.34 18.21 ± 0.54 −0.84 ± 0.63 −8 −51.1 ± 9.35
1924 9.34 18.34 ± 0.55 −0.84 ± 0.64 −10 −50.7 ± 9.44
1933 9.33 18.24 ± 0.54 −0.81 ± 0.60 −11 −49.2 ± 9.01
1937 9.09 18.22 ± 0.54 −0.40 ± 0.20 −6 −28.8 ± 2.44
1965 8.63 17.15 ± 0.51 −0.21 ± 0.12 −5 −17.3 ± 1.57
1977 7.63 16.81 ± 0.50 −0.22 ± 0.12 −7 −16.1 ± 1.70
1988 7.77 16.87 ± 0.50 −0.18 ± 0.13 −10 −14.3 ± 1.69
1995 7.60 16.43 ± 0.49 −0.19 ± 0.11 −19 −13.6 ± 1.56
2000 7.48 15.89 ± 0.47 −0.10 ± 0.13 −20 −5.8 ± 0.14a
2005 7.11 15.34 ± 0.46 Reference Reference Reference
2010 6.90 15.05 ± 0.45 0.03 ± 0.05 6 3.4 ± 0.20a
a All pixel values with co-registration.
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DEM(dh terrain, Table 3, last column). The elevation variability over stable
terrain can be considered as an estimate for the stochastic uncertainty
(σ) from one map dataset to another. For DEMS acquired in 2000 and
2010 all pixel values were considered (dh glacierized; Table 5, second col-
umn). The sum of column one and two in Table 5 gives the average
thickness change from one map dataset to another (dh glacierized + ϵ;
Table 5, column 4). Afterwards, the number of contour lines (n)
intersecting the polygon of Findelengletscher of the respective year
were counted (minimum 62, maximum 91). Due to the fact that there
is considerable spatial autocorrelation in the map derived DEMs (Joerg
et al., 2012; Joerg and Zemp, 2014), we account for this by calculating
the stochastic uncertainty with the ‘low’ number of contour lines (rath-
er than the square root of the ‘high’ number of pixels in our DEM). By
doing so, we assume there is no spatial autocorrelation between the
contour lines, which is more appropriate than assuming that there is
no spatial autocorrelation between individual pixels (Etzelmüller,
2000; Schiefer et al., 2007). The stochastic uncertainty, sometimes also
termed as standard error, is ﬁnally included bymultiplying the standard
deviation (STDEV) by a factor 2 (STDEV, Table 3, column 6) (about 95%
conﬁdence interval), and dividing it by the root of the number of con-
tour lines. For the SRTM X-band and the LIDAR DEM from 2010 we cal-
culated the stochastic uncertainty by evaluating the STDEV of the
elevation differences between the DEMs over stable terrain and n, theFig. 4. Data voids (left) and average elevation differences relative tonumber of the evaluated cells (Koblet et al., 2010; Rolstad et al., 2009;
Zemp et al., 2013).
σ ¼ 2  STDEVﬃﬃﬃ
n
p
To assess glacier volume change uncertainties, we rely on a rather
conservative approach and assume that the uncertainty in surface ele-
vation changes is correlated. The uncertainty in the glacier-individual
volume change is given by the STDEV after co-registration (Table 3, col-
umn 6) of the measured elevation differences (Cox and March, 2004;
Larsen et al., 2007). The STDEV is multiplied by the area of the corre-
sponding year in Table 4.
4.3. Data preparation for computer animation
4.3.1. DEM preparation
For the computer animation, we ﬁlled all data voids visible in the
DEMs of the Siegfried maps and the Dufour map (Fig. 4). Areas with
data voids, mostly visible in exposed zones like the tongue of
Adlergletscher but also in the accumulation area of Findelengletscher
(Fig. 5), were ﬁlled with the DEM values from the year 1937 as this
map represents the ﬁrst accurate map for glaciological purposes.2005 (right) per elevation interval for all map derived DEMs.
Fig. 5. Visualized DEM differences showing the data voids and artefacts between the DEM
from 1859 and the laser scanning DEM from 2005 (raw DEMs are shown in inset).
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rain by slightly blurring the glacier margin (brush tool) in Adobe
Photoshop (Fig. 5). This was necessary as due to glacier retreat the lat-
eral slopes began to erode (Ballantyne, 2002), leading to smoother
slopes.
4.3.2. DEM sequence
After the voidﬁlling of theﬁrst sixDEMs and artefact correction of all
historical DEMs, a DEM sequence had to be calculated, which was used
in each frame (individual images of an animation) for rendering (calcu-
lating frames using parameter settings in VNS) (3D Nature, 2003).
Based on experience, a duration of ~35 s for such an animation is feasi-
ble, which results in 906 frames in total (6 per year). The morphing
(special effect in motion pictures that changes one image into another
through a seamless transition) itself was performed by ﬁrst deﬁning
the amount of DEMs to be interpolated from one reference year to the
next one and then selecting reference points in each DEM to steer the
morph direction.
4.3.3. Glacier extent reference lines and time line
The most prominent glacier extents (1859, 1881, 1909, 1937, 1965,
1977, 1988, and 2000)were also included in the animation as reference
(Fig. 7, right). The respective glacier outlines were converted from a
shape ﬁle to a raster ﬁle with a line width of four pixels and saved as a
Truevision Advanced Raster Graphics Array (TARGA) ﬁle with anTable 5
Average thickness changes fromone input dataset to thenextwith systematic and stochastic un
mean differences from one DEM to the next one over stable terrain; dh+ ϵ± σ is the corrected
DEM from 1982 shows absolute thickness changes from 1982 to 2005.
Year periods dh glacierized dataset to dataset [m]
1859–1881 −13.3
1881–1890 −1.9
1890–1909 0.7
1909–1924 −0.4
1924–1933 −1.5
1933–1937 −20.4
1937–1965 −11.5
1965–1977 −1.2
1977–1988 −1.8
1988–1995 −0.7
1995–2000 −5.9
2000–2005 −5.8
2005–2010 −3.4
1982 ind. DEM – 2005 −13.4
a All pixel values with co-registration.alpha channel (image band that stores the transparency information
of an image). The time line (Fig. 7, a & b) was created in Photoshop
using three layers.
4.4. Rendering and movie editing
The reference DEM, resampled to 8 m pixel size, served as a base for
the animation. This ensures enough terrain naturalism in the animation
and additionally increases the speed for rendering. To increase the real-
ism of the current landscape, the orthophoto from October 2005 was
resampled to 5mand draped on the referenceDEM. To simulate thehis-
torical landscape, the VNS function “area terrafector” (unique displace-
ment effects in VNS which can change the shape of the terrain) was
applied (3DNature, 2003). This function allows changes of the reference
DEM according to an input image (DEM sequence). Subsequently, a
good camera position with a panoramic perspective was found to ren-
der the animation. The last step, the video authoring, was performed
in Adobe Premiere by assembling the computer animation with the an-
imated time line. Finally, a title, an introductory slide and a trailer with
all credits at the end of the animation were inserted.
5. Results
5.1. Length-, area-, thickness- and volume changes of Findelengletscher
The length of Findelengletscherwas 10.43 km in 1859 anddecreased
to 6.90 km (−3.53 km) by 2010 (Table 4). At the same time, the glacier
area decreased from 19.47 ± 0.58 km2 in 1859 to 15.05 ± 0.45 km2
(−4.42 ± 0.13 km2), respectively to 13.03 ± 0.40 km2 without the
area of Adlergletscher in 2010. Since 1859, the glacier showed a general
retreat which was interrupted in the 1890s, and 1980s, which is also
supported by direct measurements of the annual length change at the
glacier snout (Glaciological reports (1881–2016), 2016). In the 1970s,
the glacier below Strahlhorn (Fig. 1, marked with an x) separated
from Findelengletscher and around 1990 Adlergletscher detached.
After the last area increase during the 1980s the glacier system lost
0.44 ± 0.01 km2 of its area between 1988 and 1995 and 1.38 ±
0.04 km2 in the period 1995 to 2010.
The average rate of thickness loss is 0.45 ± 0.042 m yr−1 for the
whole study period. Four periods with higher thickness change of
−0.56 ± 0.28 m yr−1 (1859–1881), −0.40 ± 0.08 m yr−1 (1937–
1965),−0.90 ± 0.31 m yr−1 (1995–2000) and−1.18 ± 0.02 m yr−1
(2000–2005) have been identiﬁed. Small positive thickness changes
were found for the periods 1890–1909 (+0.09 ± 0.46 m yr−1) and
1988–1995 (+0.05 ± 0.24 m yr−1) (Table 5 and Fig. 6).certainties.dhglacierized: differences fromoneDEM to thenext one over glacierized terrain, ϵ:
mean glacierized thickness change and its stochastic uncertainty. Note: the independent
ϵ [m] dh+ ϵ [m] dh glacierized + ϵ± σ [m]
0.8 −12.5 −12.5 ± 6.25
0.06 −1.84 −1.84 ± 8.83
1.13 1.83 1.83 ± 8.90
1.64 1.24 1.24 ± 9.35
1.8 0.14 0.14 ± 9.44
0.29 −20.11 −20.11 ± 9.01
0.21 −11.29 −11.29 ± 2.44
1.08 −0.12 −0.12 ± 1.57
1.06 −0.74 −0.74 ± 1.70
1.05 0.35 0.35 ± 1.69
1.27 −4.63 −4.63 ± 1.56
−0.13 −5.93 −5.93 ± 0.14a
0.22 −3.18 −3.18 ± 0.2a
0.14 −13.26 −13.26 ± 3.4a
Fig. 6. Average thickness changes per year (effective changes are shown in dark red, in light red erroneous thickness changes and positive ones in blue) with applied stochastic
uncertainties as calculated in Table 5. The values stemming from the maps of 1924 and 1933 were removed as they basically depict the status of 1909.
Fig. 7. Extent of Findelengletscher in 1859 and 2005 based on historic maps and airborne laser scanning. The lines in the glacier foreﬁeld represent the historic glacier extent.
Fig. 8. Exhibition stand at the Axporama visitor centre, Böttstein, Switzerland.
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Our compilation of digital historical map data resulted in a
computer animation, which shows the spatio-temporal changes in
Findelengletscher from 1859 to 2010 (see computer animation in the
supplement). The reconstruction of Findelengletscher in 1859 illus-
trates that the glacier shrank already before due to the fact that the gla-
cier surface is mapped lower than the lateral moraines stemming from
the LIA (Sommer, 1988). During the retreat, coloured outlines in the
front emerge, indicating the glacier extent in the respective year. In
the bottom of the movie, a time line is displaying the year shown in
the animation. The advance of the glacier tongue during the 1980s
and the disconnection of Adlergletscher in the beginning of the 1990s
is clearly visible.
In cooperation with professional booth builders, the animation was
used as the central part in a glacier exhibit stand (Fig. 8). On a large
touch screen the animation of Findelengletscher is shown, and the visi-
tor can travel through time by touching the monitor and dragging the
glacier tongue forward or backward. This main screen is embedded
into a large panoramic view, which shows the Zermatt valley with the
Monte Rosa Mountains. For visitors with an additional interest for the
topic, another interactive monitor located next to the panoramic viewprovides related background information in French and German. In
2013, the glacier exhibit was launched as permanent part of a visitor
centre and is ready for more than 10,000 visitors a year.
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6.1. Glacier changes
The numbers for length, area and volume changes presented here
are difﬁcult to compare with other studies. This is because in many
cases, the time periods are different, a co-registration has not been per-
formed or the resolution of the DEMs were different. The calculated
numbers of length-, area- and volume changes along with the anima-
tion conﬁrm strong retreat and mass loss of Findelengletscher since
the mid-19th century. Maisch et al. (2000) presented slightly different
data for the length and area of Findelengletscher in 1850. In their publi-
cation, a length of 10.40 km and an area of 19.95 km2 is provided (this
study: 10.43 km and 19.47±0.58 km2). The total glacier area decreased
by ~23% from 1859 to 2010 at annual rates increasing from 0.15% yr−1
in the beginning of the measurements to 0.30% yr−1 from 1965 on, and
to 0.56% yr−1 from 1995 to 2010.
The increasing trend is also in linewith the average thickness chang-
es of Findelengletscher (cumulative signal is signiﬁcantly negative). The
annual thickness changes are increasing from 1850 to the present and
the phases with strong loss are all signiﬁcantly negative. All the other
periods are close to zero balances and have a relatively high uncertainty.
The latter is a result of the noise in the DEMs and depends also on the
amount of contour lines taken to calculate the stochastic uncertainty.
The Findelengletscher's mean elevation change per year was from
1859 to 2010 was−0.45 ± 0.042 m yr−1. The numbers are in accor-
dance with Unterer Grindelwaldgletscher that showed an average
thickness change of−0.42m yr−1 (1860–2004) and Unteraargletscher
an average thickness change−0.48 m yr−1 (Steiner et al., 2008). The
averages thickness changes per year are consistent with an integrated
assessment of long-term in situ measurements, satellite images, digital
terrain information and numerical models (Haeberli et al., 2007),
where a mean annual thickness change of −0.43 m ± 0.24 m from
1890 to 1999 was estimated. We also used the independent DEM
from 1982 of Findelengletscher from Bauder et al. (2007). After co-reg-
istration with the master DEM, we calculated the mean thickness
change of −13.2 ± 3.4 m from 1982 to 2005. The comparison of the
change rates of 1977–2005 (DEM from this study) and 1982–2005
(DEM from Bauder et al., 2007) gives exactly the same value of
−0.57 m yr−1 in both cases. The mean geodetic mass balance of
Findelengletscher, assuming a density of 850 ± 60 kg/m−3 (Huss,
2013), for the whole study time, is −0.38 m water equivalent (w.e.)
per year. This number is higher (along with our study period) than
the arithmetic mean (−0.29 m w.e. yr−1) of 20 glaciers in the south-
eastern Swiss Alps since 1900 presented in Huss et al. (2010). One can
compare the total volume loss with the volume of the Cheops pyramid
in Egypt. Dividing the volume loss (1.32 km3) of Findelengletscher for
the whole study period with the volume of the pyramid
(0.00258 km3) results in more than 510 Cheops pyramids.
6.2. Datasets and methods
This study has shown that co-registration of historically derived
DEMs is required to obtain reasonable geodetic ice volume changes. A
test with DEMs without co-registration revealed thickness changes
whichwere about 5% and for the 1859 DEM about 30% larger. As conse-
quence, theDEM from1859 alongwith the SRTMX-bandDEMproducts
two iterationswere necessary during the co-registration. A possible rea-
son for the Dufourmap derived DEM difference is attributable to the ac-
quisition method (terrestrial survey), to the georeferencing with GCPs
and to the overall lower accuracy due to the 30 m equidistance of the
contour lines. In addition, the elevation adjustment from the “old hori-
zon” to the “new horizon” (Δ −3 m) before the co-registration for
1859 was not relevant as compared to the overall uncertainty
(ϵ N 40 m). Interestingly, the co-registration method proposed by
Nuth andKääb (2011) does not eliminate the bias between twodatasetsas there is a remaining bias due to curve ﬁtting. Theoretically, the vector
sums should be zero for the horizontal and vertical components, but in
practice residuals are present reﬂecting the method's uncertainty (Paul
et al., 2015). Moreover, the SRTM X-band DEM exhibits a considerable
elevation offset compared to all other independently derived DEMs
(Table 4). This indicates a systematically too high surface topography
(54.5 m) in the glacier-free area which is also conﬁrmed by other stud-
ies (Kolecka and Kozak, 2014; Muskett et al., 2008). The reason for this
is the vertical reference system (WGS84 ellipsoid) and not the quality of
the DEM itself. In order to check whether the co-registration results are
reliable we cross checked the SRTMX-bandDEMmean elevation differ-
ence with the online “reframe tool”, a Swisstopo's planimetric and
altimetric transformation software for applications with the highest ac-
curacy requirements. This cross check revealed a mean elevation differ-
ence of 54.9 m, which conﬁrms that the co-registration corrected most
of the geoid undulation.Moreover, it showed that the horizontal change
in geoid undulation in the area of Findelengletscher was in the range of
few centimeters per kilometer and thus a geoid undulation adjustment
before co-registration was not necessary. However, we suggest always
checking for the horizontal variability of the geoid undulation and, if
necessary, correcting before the co-registration step.
The quality of the maps regarding contour lines elevations varies
considerably in particular where snow/ice surface contrasts are expect-
ed to be low and/or in complex terrain (cf. Table 1 and Fig. 4). Suspicious
thickness changes in particular in the accumulation region of historical
maps were also reported by other authors (Bris and Paul, 2015;
Steiner et al., 2008). Steiner et al. (2008) analyzed surface elevation
changes on Fieschergletscher in the Bernese Alps over the past two cen-
turies. He attributes the lower surface of the past in the accumulation
region to changes in glacier dynamics and not to a lack of in-situ mea-
surements in the upper part of the glacier, which is relatively ﬂat and
thus difﬁcult to survey. Bauder et al. (2007) highlight the issue of having
fewer problems regarding DEM accuracy on glaciers where larger
changes occur. Our results conﬁrm this interpretation, as map updates
were usually only made when large changes occurred. This drawback
of quality is inherent in the maps and not a result of the contour line
method. Using another approach to calculate thickness and volume
changes, like relying on single vertexes (Kääb, 2008; Nuth et al., 2007)
and not on the contour linemethod,would still lead to such an inconsis-
tency. Our method to calculate elevation changes, by accounting only
average thickness values for each elevation bin, may also, like data
voids, be prone to biases (Table 1 and Fig. 3).With the help of reference
ground points, we did, however, not ﬁnd any distinctive tilt or tilt axes
of the maps neither before 1937 nor after. We therefore conclude that
our method regarding the contour line method and the hypsometric
thickness change calculation provide reasonable accurate results even
with a DEM raster resolution of 25 × 25 m (cf. Joerg and Zemp, 2014).
Besides that, there are other uncertainties in our data like reliable
reference points through time for the georeferencing or the inconsistent
updates of the glacier outlines respectively the contour lines. In the
three maps from 1909 to 1933, for example, there is nearly no glacier
change detectable (Tables 1 and 4). Hence, the large elevation change
from 1933 to 1937 as themap from 1933 depicts the state of the glacier
from1909. As this sudden large glacier volume change ismisleading,we
removed the years (1924 & 1933) in Fig. 6 and provided corrected
values (−0.75 ± 0.30 m yr−1) for the 1909–1937 period. For calculat-
ing the rate of glacier elevation change, the available accuracy is thus
often insufﬁcient. However, the dating of maps after the late 1930s sat-
isﬁes the required accuracy and is of unique value for glaciological re-
construction of former surface topography.
6.3. Visualization
Visualizing the present situation is relatively simple by taking
existing data and combining it with modern technology. Conversely, vi-
sualizing historic glacier ﬂuctuations is difﬁcult unless relevant data
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2009). In Switzerland, the availability of accurate and periodically up-
dated data in the form of maps with elevation contour lines represents
a unique opportunity to explore past glacier extents. The transferability
of this study is therefore limited and might not be possible to the same
degree in other remote high alpine regions.
A drawback of the animation is the linear change of the glacier ge-
ometry between two DEMs, which is not the case in reality. Including
time series of measured length changes might help to increase the real-
ism of the simulation. Moreover, at a 25 m DEM resolution the glacier
surface is rather blocky and rough. This is foremost a drawback of VNS
“area terrafector” which is unable to import signed-ﬂoat imageries. To
make the animationmore appealing, DEMswith a higher spatial resolu-
tion should be used as the higher resolution removes the well visible
rectangular pixels in the animation. However, the here presentedmeth-
od to visualize landscape evolution is not only applicable for glacier
changes but also for any other slope related movements which affect
the terrain considerably. By whatever means researchers are able to
show in landscape evolution, we conclude that 3D animations are a
promising tool for visualizing landscape changes through time for a
wider public.
7. Conclusion
We have presented a way to transform glacier extents from historic
topographic maps into (a) scientiﬁc products like changes in length,
area and volume of Findelengletscher since 1859 and (b) informative
products for public communication including a computer animation.
Eleven historical maps, dating back to 1859, in combination with the
SRTM X-band DEM and laser-scanning DEMs were used for this pur-
pose. The pre-processing stressed the importance of co-registration to
avoid systematic uncertainties in glacier volume changes. From 1859
to 2010, Findelengletscher lost 3.5 km of its length (6.90 km in 2010),
4.42 ± 0.13 km2 of its area (15.05 ± 0.46 km2 in 2010) and 1.32 ±
0.52 km3 of its volume, but the rates of change varied considerably dur-
ing the investigated period. The average thickness loss rate was 0.45 ±
0.042m yr−1 for the entire period. Around the 1920s and 1980s, glacier
shrinkagewas limited but from the 1960s and 1990s onwards, highmelt
rates are visible, consistent with the signal of other glaciers in the Swiss
Alps. The whole evolution of the Findelenglacier is visualized in a com-
puter animation that is downloadable in the supplementary material of
this article and can be used for scientiﬁc or educational purposes.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gloplacha.2016.07.005.
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